Background Transcribed ultraconserved regions (T-UCRs) are a novel class of noncoding RNAs that are highly conserved among the orthologous regions in most vertebrates. It has been reported that T-UCRs have distinct signatures in human cancers. We previously discovered the downregulation of T-UCR expression in gastric cancer (GC), indicating that T-UCRs could play an important role in GC biology. Uc.160?, a T-UCR reported to be downregulated in human cancer, has not been examined in GC. Methods We analyzed the expression pattern of Uc.160? in nonneoplastic and tumor tissues of the stomach by using uantitative reverse transcription polymerase chain reaction (qRT-PCR) and in situ hybridization (ISH), specifically focusing on the mechanism of transcriptional regulation and target genes that are regulated by T-UCRs. We also attempted to determine the effect of Uc.160? expression on biological features of GC cell lines by Western blotting. Results On the basis of the qRT-PCR and ISH results, Uc.160? expression in adenoma and GC tissues was clearly downregulated compared with that in nonneoplastic mucosa tissues of the stomach. Cancer-specific DNA methylation in the promoter region of Uc.160 was observed by bisulfite genomic DNA sequencing analysis. The effect of DNA methylation on Uc.160? expression was further confirmed by reporter gene assay. We also revealed that Uc.160? inhibited the phosphorylation of Akt by regulating phosphatase and tensin homolog (PTEN) expression. Conclusions These results indicate that Uc.160? could possibly have a tumor suppressive role in GC.
Introduction
Gastric cancer (GC) is the fifth leading cause of global cancerrelated death and the most frequent cancer in East Asian countries. Despite improvements in diagnostic and therapeutic methods, GC still causes more than 840,000 deaths a year [1] . GC is thought to originate from a sequential accumulation of genetic and epigenetic alterations in stomach epithelial cells. An in-depth investigation of the molecular biology of GC is necessary to further elucidate its molecular mechanism.
Transcribed ultraconserved regions (T-UCRs) are a novel class of long noncoding RNAs transcribed from ultraconserved regions (UCRs). They are located in both intragenic and intergenic regions and are highly conserved among orthologous regions of vertebrate genomes. There are at least 481 UCRs [2] , and these regions can produce 962 T-UCRs: one of the T-UCRs produced by each UCR corresponds to the sense genomic sequence (named ''?'') and the other corresponds to the complementary sequence (named ''?A''). Recent studies revealed two major molecular mechanisms in the regulation of T-UCR expression: interaction with microRNAs (miRNAs) [3] and CpG island hypermethylation [4] . Most of the T-UCRs found in normal human tissues are ubiquitous, tissue specific, or both [4] .
Uc.160 is a UCR on chromosomes band 5q14.1 that is classified as nonexonic (without evidence of an encoding protein). Uc.160 has a CpG island upstream of its coding region, and cancer-specific hypermethylation of this region is observed in various types of cancer cell lines. Furthermore, the methylation frequency of its CpG island was shown to be significantly correlated with tumor metastasis [4] . Among all human cancers, GC is one of the well-established cancers that are closely related to epigenetic alterations rather than genetic changes [5] . It is also well known that the aberrant DNA methylation of various specific genes is induced by exposure to chronic inflammation triggered by Helicobacter pylori [6, 7] , which almost exclusively causes GC. Recently, several studies have further confirmed that certain GCs can exhibit a CpG island methylator phenotype, characterized by genome-wide methylation of CpG islands as revealed by next-generation sequencing [8] [9] [10] . Although CpG island hypermethylation is not limited to Uc.160?, one study demonstrated the correlation between T-UCRs and GC [11] ; thus, the examination of Uc.160 in GC could potentially provide novel insights into its molecular machinery.
In this study, to confirm the expression pattern of Uc.160? in gastric tumor tissues, we evaluated Uc.160? expression in gastric tumor samples by in situ hybridization (ISH), quantitative reverse transcription polymerase chain reaction (qRT-PCR), and DNA methylation analysis. We also attempted to investigate the methylation status of the CpG island upstream (right) of the Uc.160 coding region and the promoter activity of the CpG island during Uc.160 translation in GC. Furthermore, we revealed the interaction between Uc.160? and representative molecular pathways by Western blot analysis.
Materials and methods

Cell lines and drug treatment
Four GC cell lines of the MKN series and CRC cell line (DLD-1) were purchased from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). All cell lines were maintained in RPMI-1640 (Nissui Pharmaceutical, Tokyo, Japan) containing 10% fetal bovine serum (BioWhittaker, Walkersville, MD, USA), 2 mM L-glutamine, 50 U/mL penicillin, and 50 lg/mL streptomycin in a humidified atmosphere of 5% CO 2 and 95% air at 37°C. Cells were treated with 1 lM 5-aza-2 0 -deoxycytidine (Sigma Chemical, St Louis, MO, USA) for 48 h to achieve demethylation.
Tissue samples
For qRT-PCR and bisulfite genomic DNA sequencing, 51 GC samples and corresponding nonneoplastic gastric mucosa samples were used. The samples were frozen immediately in liquid nitrogen and stored at -80°C until use. The A 260 /A 280 ratios of each sample are given in Table S1 . The samples were randomly selected from patients who underwent surgery at Hiroshima University Hospital or an affiliated hospital in the years [2005] [2006] [2007] [2008] . Comprehensive approvals for basic or clinical research were obtained from all of the patients. This study was conducted in accordance with the Ethical Guidance for Human Genome/ Gene Research of the Japanese Government and Human Genome Research of Hiroshima University.
Quantitative reverse transcription polymerase chain reaction analysis
Total RNA was isolated from frozen samples or cancer cell lines with use of Isogen (Nippon Gene, Tokyo, Japan), and 1 lg of total RNA was converted to complementary DNA with a first-strand complementary DNA synthesis kit (Amersham Biosciences, Piscataway, NJ, USA). The primers used are listed in Table 1 . Real-time detection of the emission intensity of SYBR Green bound to doublestranded DNA was performed with a CFX Connect realtime system (Bio-Rad Laboratories, Hercules, CA, USA). ACTB-specific polymerase chain reaction products, which were amplified from the same RNA samples, served as internal controls. A single peak on the melting curve analysis was confirmed for each reaction. Relative quantification was determined by the DDCt method.
Genomic DNA extraction and bisulfite genomic DNA sequencing Genomic DNAs were extracted with a genomic DNA purification kit (Promega, Madison, WI, USA). To examine DNA methylation patterns, genomic DNAs were treated with 3 M sodium bisulfite as described previously [12, 13] . For analysis of the DNA methylation of Uc.160?, we performed bisulfite genomic sequencing analysis. To obtain products for sequencing, polymerase chain reaction was performed with each 50-lL reaction mixture containing 0.2 lm deoxynucleotide triphosphates, 10 mM tris(hydroxymethyl)aminomethane-HCl (pH 8.3), 50 mm KCl, 2 mm MgCl 2 , 0.3 lm primers, and 0.75 U AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA). The primers used are listed in Table 1 . Individual cloned fragments were sequenced with an ABI PRISM 310 genetic analyzer (Applied Biosystems) as described previously [14] .
Transient transfection and luciferase assay
The genomic sequence of Uc.160? upstream was cloned into the pGL3 basic vector (Promega) with use of its multiple cloning site (160?Luc). MKN-1 or MKN-45 cells (1.0 9 10 4 ) were transfected with the construct in a six-well culture dish with FuGENE6 (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's instructions. After 48 h, cells were harvested with a dual luciferase reporter assay kit (Promega), and luciferase activity was measured with a GloMax luminometer (Promega) as described previously [15, 16] .
In vitro methylation assay
In vitro methylation assays were performed according to previously described methods. Briefly, 1 lg plasmid DNA containing the Uc.160? promoter construct was incubated for 2 h with 2 U SssI methylase (New England BioLabs, Ipswich, UK). After phenol extraction and ethanol precipitation, MKN-1 or MKN-45 cells were transiently transfected with equal amounts (400 ng) of methylated or unmethylated reporter constructs. Luciferase activity was examined as described earlier.
In situ hybridization
For visualization of Uc.160?, ISH of Uc.160? was performed as described previously [17] . Briefly, a biotin 3 0 -labeled locked nucleic acid incorporated probe (custom locked nucleic acid messenger RNA detection probe, Exiqon, Woburn, MA, USA) was used ( Table 1 ). The formalin-fixed, paraffin-embedded tissue samples were sectioned, deparaffinized, and rehydrated. Sample slides were treated with proteinase K (Dako Cytomation, Carpinteria, CA, USA) for 20 min. A 20 nM probe was hybridized with 19 Enzo ISH buffer (Exiqon). The sample slides were heated to 60°C for 5 min and incubated at 37°C for 14 h. Immunological detection was performed with a Dako GenPoint tyramide signal amplification system for biotin-labeled probes (Dako Cytomation). The sections were then exposed to a streptavidin-peroxidase reaction and developed with 3,3 0 -diaminobenzidine.
Uc.1601 expression vector and Western blot analysis
The genomic sequence of Uc.160? was cloned into the pcDNA3.1 vector (Promega) at the KpnI and XhoI sites as described previously [18] . MKN-1 cells (8.0 9 10 5 ) or MKN-45 cells (2.0 9 10 6 ) were transfected with the For Western blot analysis, cells were lysed as previously described [19, 20] . The lysates were solubilized in Laemmli sample buffer by boiling and subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by electrotransfer onto a nitrocellulose membrane. The membrane was incubated with the primary antibodies listed in Table 2 . Immunocomplexes were visualized with an ECL Prime Western blot detection system (GE Healthcare, Little Chalfont, UK). Protein levels were quantified with use of ImageJ version 1.51d (National Institutes of Health, Bethesda, MD, USA) after densitometric scanning of the films. 
RNA interference and cell growth assay
Silencer Select small interfering RNA (siRNA; Ambion, Austin, TX, USA) against Uc.160? was used for RNA interference. Three independent oligonucleotides and negative control siRNA (Invitrogen) were used. The sequence of siRNA no. 1 was 5 0 -GCACUAUUGCAAGAGCA UUTT-3 0 , and that of siRNA no. 2 was 5 0 -GAAAUGA GAUGCACAUUUATT-5 0 . A total of 1.0 9 10 6 DLD-1 cells were plated on a 10-cm culture dish 24 h before transfection. Transfection was performed with Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. Cells were used 48 h after transfection in each of the experiments and assays. To examine cell growth, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was performed as described previously [21] .
Statistical analysis
Statistical differences were evaluated by a two-tailed Student's t test or the Mann-Whitney U test. The correlation between expression levels of Uc.160? and clinicopathological characteristics was analyzed with Fisher's exact test. The results are expressed as the mean ± standard deviation of triplicate measurements. We considered p \ 0.05 to be statistically significant.
Results
Suppression of Uc.1601 expression in gastric adenoma and adenocarcinoma
We first attempted to determine the expression of Uc.160? in nonneoplastic and tumorous tissues of the stomach by ISH. Robust Uc.160? expression was detected in nonneoplastic tissues of the stomach, including the fundic glands (Fig. 1a) and the glands displaying intestinal metaplasia (Fig. 1b) . In contrast, Uc.160? expression was rather weak in the tubular adenoma (Fig. 1c) , and there was little to no expression in certain areas of GC tissues, such as the apical part of well-differentiated tubular adenocarcinoma (Fig. 1d) , diffuse-type poorly differentiated adenocarcinoma (Fig. 1e) , and the invasive front of tubular adenocarcinoma (Fig. 1f) . We then performed qRT-PCR analysis on both GC and nonneoplastic mucosa tissues of all 51 samples, and found that Uc.160? expression in GC tissues was significantly downregulated (p = 0.0034) compared with that in nonneoplastic mucosa tissues (Fig. 1g) . Additional studies focusing on the correlation between expression levels of Uc.160 and clinicopathological characteristics did not show any significance (Table 3 ).
These data suggest that the loss of Uc.160? could play a key role in tumorigenesis of the stomach.
Suppression of Uc.1601 expression by DNA hypermethylation
Although our data indicate that loss of Uc.160? expression is generally observed in GC tissue, the precise mechanism that underlies Uc.160? repression remains to be determined. We performed qRT-PCR analysis in four GC cell lines and two normal stomach tissue samples. Uc.160? was downregulated in all of the four GC cell lines compared with the normal stomach samples (Fig. 2a) , which was consistent with the ISH results. Next, we evaluated the expression levels of Uc.160? in GC cells treated with 5-aza-2 0 -deoxycytidine to investigate whether these regions were suppressed by DNA-methylation-associated inactivation. In both MKN-1 and MKN-45 cells, Uc.160? levels were restored by demethylation (Fig. 2b) . To assess the extent of Uc.160? methylation in GC, we searched for and identified CpG islands upstream of Uc.160? (Fig. 2c) .
We next performed bisulfite genomic sequencing and found dense DNA methylation in the upstream region of Uc.160? in GC cell lines and two GC tissue samples; in contrast, this region was far less methylated in normal stomach tissue samples. We also confirmed that some of the CpG islands in MKN-45 cells treated with 5-aza-2 0 -deoxycytidine were demethylated (Fig. 2d) . (Fig. 2e) . When the Uc.160? upstream sequence was methylated, reporter activity was significantly suppressed (Fig. 2f) . These results imply that Uc.160? expression was tightly regulated by DNA methylation of its promoter region upstream (right) of the coding region.
Inhibition of Akt phosphorylation by Uc.1601
Previous studies have demonstrated that Uc.160? is methylated in several cancers; however, there are no reports on the biological function of Uc.160?. To elucidate the actual function of Uc.160? in cancer biology, we first constructed a vector containing the whole sequence of the Uc.160? coding region and transfected MKN-1 and MKN-45 cells with it. As shown in Fig. 3a , transfection of the vector significantly induced Uc.160? overexpression. Next, we performed Western blot analysis for the molecules that are involved in the phosphatidylinositol 3-kinase-mitogen-activated protein kinase (MAPK) signaling pathway, pAkt and phosphatase and tensin homolog (PTEN) (Fig. 3b) . Although extracellular-signal-regulated kinase, phosphorylated extracellular-signal-regulated kinase, and Akt expression did not change even after Uc.160? overexpression, the expression of phosphorylated Akt was dramatically decreased, and PTEN expression was inversely increased. These results suggest that Uc.160? exclusively repressed the phosphorylation of Akt by regulating PTEN expression.
Effect of deregulation of Uc.1601 expression on cancer cell growth
To investigate the biological significance of Uc.160? in cancer cells, we performed a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay 4 days after altering Uc.160? expression. We initially intended to use GC cell lines with transient Uc.160? overexpression for this study; however, we could not obtain GC cells with sufficient cell growth after Uc.160? restoration (data not shown). In this experiment, we used DLD-1 cells transfected with Uc.160?-specific siRNAs because DLD-1 possessed the highest endogenous Uc.160? expression among colorectal cancer cell lines (Fig. S1a) . Successful suppression of Uc.160? in siRNA-treated cells was confirmed by qRT-PCR (Fig. S1b) , and growth of DLD-1 cells with downregulated Uc.160? was significantly reduced compared with that of the negative control siRNA-transfected DLD-1 cells (Fig. S1c) . These results indicated that Uc.160? could be involved in cancer cell growth through regulation of PTEN and potentially other cancer-related genes.
Discussion
Recent studies strongly support the involvement of noncoding RNAs, such as miRNAs and T-UCRs, in the pathogenesis of most cancers investigated and add a new layer of complexity to the molecular architecture of human cancers [22, 23] . Although more detailed studies on miRNAs have been conducted, characterizing the functional significance of T-UCRs in human cancers is also important as a myriad of putative functions of T-UCRs can be hypothesized, including an antisense inhibitory role for protein-coding genes or other noncoding RNAs [24, 25] . We have described here the involvement of Uc.160? in the cancer biology of GC and revealed the marked silencing of Uc.160? expression in GC by methylation of the promoter region, which led to the activation of MAPK signaling via repression of PTEN expression. To our knowledge, our study is the first to demonstrate the direct interaction between T-UCR and an essential component of the representative signaling pathway in cancer biology.
Although the precise mechanism of stepwise carcinogenesis in GC, such as whether intestinal metaplasia and gastric adenoma are truly premalignant regions of GC, is still controversial, accumulating evidence indicates that aberrant CpG island hypermethylation of tumor suppressor genes tends to accumulate with the multistep carcinogenesis in GC [26, 27] . Consistent with these results, Uc.160? expression gradually decreased in accordance with the histological shift from intestinal metaplasia to GC, and the Uc.160 promoter region in GC tissues and cell lines was considerably methylated compared with that in normal stomach tissues. H. pylori infection has been demonstrated as a major risk factor for GC carcinogenesis that contributes to the inactivation of a series of tumor suppressor b Fig. 2 genes, including RUNX3 [27] , CDKN2A [28] , TFF2 [29] , CDH1 [30] , by inducing the methylation of the promoter region of these genes. Taken together, downregulation of Uc.160? by the methylation of its promoter region could also contribute to GC carcinogenesis. One of the plausible mechanisms that Uc.160? could be involved in is activation of the MAPK signaling pathway, which leads to runtrelated transcription factor 3 (RUNX3) inactivation [31] . These data strongly suggest that Uc.160 contributes to the carcinogenesis in GC by repressing PTEN expression. We suggest that Uc.160? is mainly regulated by epigenetic machinery on its promoter region; however, we suspect that Uc.160 may interact with certain miRNAs, and the interaction could play a role in the regulation of PTEN expression. By using miRBase (http://www.mirbase.org/) to identify miRNAs that have consensus sequences with Uc.160, we found candidate miRNAs, such as miR-186-3p, miR-126-5p, and miR-4299. We then validated the target genes of these miRNAs through TargetScanHuman (http:// www.targetscan.org/) and revealed that miR-4299 could potentially regulate PTEN expression. This finding demonstrates the complicated network between T-UCRs and miRNAs. Additional studies that use state-of-the-art techniques, such as next-generation sequencing and in silico analyses, will likely be needed to advance our understanding of the involvement of T-UCRs and miRNAs in GC progression.
In conclusion, we have demonstrated the important roles of Uc.160? in GC carcinogenesis, specifically the regulatory machinery of Uc.160? expression and its direct interaction with one of the vital signaling pathways in cancer biology. We believe that this study is an important step toward effectively identifying T-UCRs that have an essential function in cancer biology. Our findings call for more studies on the interactions between T-UCRs and miRNAs in cancer biology.
